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Daniel  T. Bernatowicz 
Nat iona l  Aeronautics and Space Adminis t ra t ion 
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I n  1963 t h e  Lewis  Research Center undertook a program i n  Brayton 

The mission of most i n -  
cyc le  technology. 
development of a s o l a r  Brayton cycle system. 
t e r e s t  as an  e a r l y  a p p l i c a t i o n  of the Brayton cyc le  i s  t h e  manned space 
s t a t i o n ,  p r imar i ly ,  t h e  l a r g e  one i n  which 20 t o  30 kw would be  re- 
quired.  
i n  t h e  launch veh ic l e ,  as w e l l  as improved r e l i a b i l i t y  by means of re- 
dundancy. 

It i s  hoped it w i l l  u l t i m a t e l y  culminate  i n  t h e  

The modular approach appeared b e s t  wi th  r e spec t  t o  packaging 

/ 

' and t h e  r e fe rence  cyc le  and d iscusses  some of  t h e  compromises, t h e  sen- 
s i t i v i t y  of t h e  system t o  some of t h e  assumptions t h a t  were made, and 
t h e  NASA program a t  t h i s  t i m e .  

This  paper  desc r ibes  t h e  a t t rac t ive  f e a t u r e s  of t h e  Brayton cyc le  

A t t r a c t i v e  Fea tu res  of t h e  Brayton Cycle 

Table I i s  a l i s t  of f e a t u r e s  i n  which t h e  Brayton cyc le  system 
If a can b e  expected t o  have an  advantage over o t h e r  power systems. 

very  h igh  p u r i t y ,  i n e r t  gas  i s  used as t h e  working f l u i d ,  t h e  l i k e l i -  
hood of material compa t ib i l i t y  of corrosion problems i s  reduced. The 
Brayton cyc le  g ives  more freedom i n  s e l e c t i n g  t h e  cyc le  temperature  
r a t i o  t o  achieve high cyc le  e f f i c i ency  than  t h e  Rankine cycle ,  i n  which 
t h e  pressure- temperature  r e l a t i o n  of t h e  b o i l i n g  f l u i d  p l aces  some re- 
s t r i c t i o n  on cyc le  temperature  r a t i o  and e f f i c i ency .  

The Brayton cyc le  should be  e a s i e r  t o  s ta r t  than  t h e  Rankine cyc le  
because t h e r e  w i l l  be no problem caused by t h e  working f l u i d  condensing 
and accumulating i n  undesired por t ions  of t h e  system. R e s t a r t i n g  a 
Rankine cyc le  i n  space appears  t o  be  very d i f f i c u l t ,  whereas t h e  re- 
s tar t  of t h e  Brayton cyc le  should not be much more d i f f i c u l t  than  t h e  
i n i t i a l  start. 

Once undertaken, t h e  development of a Brayton cyc le  system should 
proceed quick ly  and with l i t t l e  slippage. 
f low i n  zero-g 
tes ts  of t h e  system more s ign i f i can t .  Tes t ing  wi th  t h e  noncorrosive 
working f l u i d  should proceed wi th  fewer tes t  r i g  problems, less  down 
t i m e  during t e s t i n g ,  and less expensive test equipment. Also, t h e r e  
i s  cons ide rab le  experience with Brayton cyc le s  f o r  ground a p p l i c a t i o n s  
and t u r b o j e t  engines t h a t  can be drawn upon f o r  t h e  space app l i ca t ion .  

The absence of two-phase 
e l imina te s  an e n t i r e  problem area and makes ground 

An inhe ren t  p o t e n t i a l  exis ts  for high  r e l i a b i l i t y  f o r  long-term 
opera t ion ,  p r imar i ly  because the re  are r e l a t i v e l y  f e w  modes of wear-out 
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f a i l u r e s ,  while  e r ros ion ,  cor ros ion ,  and c a v i t a t i o n  i n  t h e  Rankine 
cyc le  and Vechanical complexity and s e a l  wear i n  t h e  S t i r l i n g  engine  
r e q u i r e  cons iderable  long-term t e s t i n g  f o r  q u a l i f i c a t i o n .  
f o r  t h e  Brayton cyc le  could be  e s t ab l i shed  wi th  fewer long-term tests 
and more concurrent  short- term tests.  

R e l i a b i l i t y  

The Brayton cyc le  has a f l e x i b i l i t y  t h a t  could be  important.  
turbomachinery could be used without  change i n  systems w i t h  d i f f e r e n t  
power ou tpu t s  by a d j u s t i n g  t h e  pressure  level. 

The 

The Brayton cyc le  a l s o  possesses  some obvious disadvantages.  It 
r e q u i r e s  a l a r g e  r a d i a t o r ,  e s p e c i a l l y  when compared wi th  t h e  Rankine 
cyc le ,  and t h e  cyc le  e f f i c i e n c y  and r a d i a t o r  area are very s e n s i t i v e  
t o  component performance. The NASA technology program i s  intended t o  
e s t a b l i s h  t h e  level  of component performance i n  o rde r  t o  determine 
whether t h e s e  disadvantages w i l l  outweigh t h e  advantages.  

The ground r u l e s  ( t a b l e  11) f o r  the  Lewis Brayton cyc le  systems 
S t u d i e s  were t h a t  only f i x e d  geometry ( r i g i d ,  one-piece) c o l l e c t o r s  
t h a t  can f i t  i n  Sa turn  launch vehic les ,  s e p a r a t e  t u r b i n e s  t o  d r i v e  t h e  
a l t e r n a t o r  and compressor, and only g a s - f i l l e d  r a d i a t o r s  be considered. 
The one-piece c o l l e c t o r  w a s  s e l e c t e d  t o  avoid t h e  u n c e r t a i n t i e s  a s soc i -  
a t e d  wi th  e r e c t i n g  c o l l a p s i b l e  c o l l e c t o r s  i n  space. The s p l i t - t u r b i n e  
conf igu ra t ion  w a s  s e l e c t e d ,  p r imar i ly ,  t o  permit t h e  use of a low- 
speed, 400 cps a l t e r n a t o r  and t o  separa te  a l t e r n a t o r  and compressor 
problems. A l i q u i d - f i l l e d  cool ing  loop t o  t h e  r a d i a t o r  w a s  no t  con- 
s i d e r e d  i n  t h e s e  s t u d i e s ,  bu t  w i l l  be eva lua ted  a t  a la ter  date .  

The s t u d i e s  i n d i c a t e  t h a t  a Brayton cyc le  system wi th  a 30- f t -  
diameter  c o l l e c t o r  ( f o r  t h e  33 f t  Saturn V v e h i c l e )  could y i e l d  about 
8 kwe i n  a 300-mile o r b i t  or 12.5 kwe i n  a 20,000-mile o r b i t .  A 20- f t  
c o l l e c t o r  ( f o r  t h e  21.6 f t  Sa tu rn  B vehic le )  could y i e l d  about 3.5 kwe 
i n  a 300-mile o r b i t  and 5.5 kwe i n  a 20,000-mile o r b i t .  The 8-kwe 
system with a 30-ft c o l l e c t o r  i n  a 300-mile o r b i t  i s  of primary i n t e r -  
es t  a t  t h i s  t i m e .  

Reference System 

A schematic diagram of t h e  re ference ,  or t a r g e t ,  cyc le  i s  shown i n  
f i g u r e  1. Argon i s  t h e  working f l u i d ,  l i t h i u m  f l u o r i d e  i s  t h e  hea t  
s t o r a g e  material, and t h e  t u r b i n e  i n l e t  temperature  i s  1950' R. The 
compressor runs a t  about 38,000 rpm and t h e  a l t e r n a t o r  a t  12,000 rpm. 

Assumed design cyc le  condi t ions  and component performance are 
l i s t e d  i n  t a b l e  111. 
t u r b i n e  p re s su re  r a t i o  t o  compressor p re s su re  r a t i o ,  i s  equiva len t  t o  
s 15 qe rcen t  p re s su re  drop through the  system. 

The loss pressure  r a t i o  of 0.85, t h e  r a t i o  of 

The r e s u l t s  of t h e  s t u d i e s  a r e  summarized i n  t a b l e  I V .  A c o l l e c t o r -  
absorber  e f f i c i e n c y  of 0.75 and a c o l l e c t o r  s p e c i f i c  weight of 0.6 lb /  
sq f t  were assumed. The system s p e c i f i c  weight w a s  no t  s i g n i f i c a n t l y  
d i f f e r e n t  f o r  t h e  two o r b i t s  - 260 lb/kw a t  300 miles and 275 lb/kw a t  
20,000 miles. The output  powers of 8 and 5.5 are n e t  powers a f t e r  
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allowance f o r  c o n t r o l  power and bear ing and o t h e r  l o s s e s ,  
ance was J04 f o r  t h e  8 kw system and 0.9 kw i n  t h e  5,s kw system. 

The allow- 
' 

Figure  2 shows an arrangenent  t h a t  might be p r a c t i c a l  for t h e  30-ft 
c o l l e c t o r  and 8-kw power system. 
stowed conf igura t ion ,  i n  which t h e  c o l l e c t o r  i s  stowed i n s i d e  t h e  cy l in-  
d r i c a l  r a d i a t o r .  Seve ra l  of t hese  systems could be  s tacked  i n  t h e  
launch veh ic l e ,  then  swung away from the  veh ic l e ,  and t h e  c o l l e c t o r s  
deployed on t e l e scop ing  s t r u t s .  The o v e r a l l  dimensions of t h e  8-kw sys-  
t e m ,  when stowed, can be  about 31 f t  i n  diameter  and about 5 f t  high. 

The view a t  t h e  upper l e f t  shows t h e  

Comparison w i  t.h Other Systems 

Table V shows t h e  r e s u l t s  of some s t u d i e s  made a t  Lewis, comparing 
s e v e r a l  power systems f o r  a l a r g e  space s t a t i o n .  The Rankine cyc le  sys-  
tem w a s  an 18-kwe system with a s i n g l e  f u r l a b l e  c o l l e c t o r  supplying 
h e a t  t o  t h r e e  modified Sunflower r o t a t i n g  u n i t s ,  The modi f ica t ion  as- 
sumed w a s  an inc rease  i n  t u r b i n e  power t o  d r i v e  t h e  p re sen t  permanent- 
magnet a l t e r n a t o r  a t  i t s  l i m i t  of 7 kw. This  could be accomplished by 
inc reas ing  t h e  a r c  of admission i n  the  first two t u r b i n e  s t a g e s  and i n -  
c r eas ing  t h e  b l ade  he ight  i n  t h e  th i rd .  The co l l ec to r - abso rbe r  effi-  
c iency  was assumed t o  be  0.565 and the  c o l l e c t o r  s p e c f f i c  weight t o  be  
0.26 l b / s q  f t .  
s u l t e d  i n  a n e t  of 18 kw from t h e  th ree  u n i t s  and a system s p e c i f i c  
weight of 180 lb/kw. The c o l l e c t o r  a r ea  f o r  t h i s  Rankine cyc le  system 
i s  much h ighe r  t h a n  f o r  t h e  o the r  dynamic systems shown because of t h e  
poorer  cyc le  e f f i c i e n c y  and t h e  poorer e f f i c i e n c y  of t h e  f u r l a b l e  p e t a l  
c o l l e c t o r .  A r i g i d  c o l l e c t o r  was not used because t h e  output  of less 
than 5 kw f o r  a 30-ftp r i g i d  c o l l e c t o r  and a modified Sunflower r o t a t i n g  
u n i t  w a s  judged t o  be t o o  low t o  be of i n t e r e s t ,  

Allowance of 3 kw for c o n t r o l  and pumping powers re -  

The S t i r l i n g  cyc le  system was composed of  a 30-ft r i g i d  c o l l e c t o r  
and t h r e e  S t i r l i n g  engines  of the'same s i z e  t h a t  A l l i son  has  been work- 
i n g  on. Each engine furn ished  4 kw of s h a f t  power wi th  an e f f i c i e n c y  
of  30 percent ,  
i n g  gene ra to r  l o s s e s ,  c o n t r o l  power, and pumping power was 8 kw. The 
system s p e c i f i c  weight was 230 lb/kw, 
could be  reduced t o  about t h a t  f o r  t h e  Brayton cyc le ,  perhaps without 
a severe weight pena l ty ,  by increas ing  f i n  e f f ec t iveness .  

The n e t  ou tput  from t h e  t h r e e  engines ,  af ter  s u b t r a c t -  

The h igh  r a d i a t o r  area shown 

2 
and an  a r r a y  weight of 1,4 l b / sq  f t ,  For s to rage ,  silver-cadmium b a t t e r -  
ies wi th  a depth of d i scharge  of 20 percent  f o r  t h e  low o r b i t  and 80 per-  
cen t  f o r  t h e  high o r b i t  were assumed. 

The s o l a r  c e l l  syst,em weights were based on an output  of 8 watts/ft 

The r e s u l t s  of t h e s e  s t u d i e s  i n d i c a t e  t h a t  t h e  dynamic systems 
o f f e r  a s u b s t a n t i a l  weight advantage over s o l a r  c e l l s  f o r  t h e  300-mile 
o r b i t ,  For t h e  20,000-mile o r b i t ,  tne  advantage i s  n o t  as marked. How- 
ever, t h e r e  i s  no obvious choice t h a t  can be made from among t h e  dynamic 
systems. Although t h i s  Rankine cycle system i s  l i g h t e r ,  t h e  l a r g e  co l -  
l e c t o r ,  even though it  i s  f u r l a b l e ,  may p resen t  a d i f f i c u l t  stowage 
problem. These s t u d i e s  showed t h a t  t h e  Brayton cyc le  r a d i a t o r  does no t  
p r e s e n t  a packaging problem i f  t he  system i s  stowed as shown i n  f i g u r e  2 
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and t h a t  t h e  o t h e r  systems do not  possess an over r id ing  weight advan- 
tage. These r e s u l t s ,  t oge the r  with t h e  prev ious ly  d iscussed  advantages 
t h e  Brayton cyc le  o f f e r s ,  i n d i c a t e  t h a t  a technology program t o  f i r m l y  
e s t a b l i s h  component performance i s  appropr ia te  now. 

System Compromises and S e n s i t i v i t y  

F igure  3 shows t h e  e f f e c t  of gas molecular weight on t h e  r a t i o  of 

Clear ly ,  
h e a t - t r a n s f e r  c o e f f i c i e n t  t o  f r a c t i o n a l  pressure drop ( i n  a r b i t r a r y  
u n i t s ) ,  which i s  an i n d i c a t o r  of hea t  exchanger performance. 
a low molecular weight i s  desirable t o  reduce t h e  s i z e  of hea t  ex- 
changer components. However, as t h e  molecular weight i s  reduced, t h e  
number of compressor and t u r b i n e  s tages  r equ i r ed  increases .  Argon 
was s e l e c t e d  af ter  cons idera t ion  of t h e  compromise between hea t  ex- 
changer performance and number of turbomachinery stages. 

Heat exchanger performance a l s o  improves wi th  inc reas ing  gas pres-  
sure ,  as shown i n  f i g u r e  4. However, t h e  compressor diameter,  as seen 
i n  f i g u r e  5, decreases  wi th  pressure;  and f o r  low powers and h igh  pres-  
su res ,  t h e  compressor s i z e  may be small enough t o  a f f e c t  i t s  e f f i c i e n c y  
adversely.  
8-kw system. 

A compressor i n l e t  pressure o f 6  p s i a  w a s  s e l e c t e d  f o r  t h e  

F igu re  6 shows t h e  e f f e c t  of cycle temperature  r a t i o  ( r a t i o  of 
compressor i n l e t  temperature  t o  tu rb ine  i n l e t  temperature)  on cyc le  
e f f i c i e n c y  and r a d i a t o r  area. A cycle temperature  r a t i o  of 0.275, 
which i s  lower than  t h a t  f o r  minimum r a d i a t o r  area, w a s  s e l e c t e d  be- 
cause a s u b s t a n t i a l  improvement i n  e f f i c i ency  r e s u l t e d  wi th  only a 
minor i n c r e a s e  i n  r a d i a t o r  area. 

The approach taken i n  s tudying the  s e n s i t i v i t y  of t h e  system t o  
component performance w a s  t o  ca l cu la t e  t h e  change i n  cyc le  e f f i c i e n c y  
wi th  c o l l e c t o r  a r e a  and r a d i a t o r  area f ixed,  I n  t h i s  way, one could 
see how s t rong ly  t h e  power output  was a f f e c t e d  by changes i n  component 
performance, while  t h e  major dimensions of t h e  system were unchanged. 
It w a s  found that with t h i s  cons t r a in t ,  t h e  change i n  optimum cyc le  
p r e s s u r e  r a t i o  w a s  minor cver  t h e  range of v a r i a b l e s  considered. 
Therefore ,  changes i n  component performance could be Sc-ommodated 
without  major changes i n  t h e  turbomachinery as w e l l  as o v e r a l l  dimen- 
s ions.  

F igures  7 t o  9 show t h e  e f f e c t  of compressor and t u r b i n e  effi-  
ciency, recupera tor  effectAveness,  and p res su re  l o s s  r a t i o  on cyc le  
e f f ic iency .  A change of one po in t  (0.01) i n  compressor o r  t u r b i n e  ef- 
f i c i e n c y  or i n  p re s su re  loss  r a t i o  r e s u l t s  i n  a change of one po in t  i n  
c y c l e  e f f i c i ency ,  or  a change i n  power output  of 4 percent.  
e f f e c t i v e n e s s  has a weaker inf luence;  a change of f ive po in t s  i n  e f f ec -  
t i v e n e s s  i s  requi red  t o  change t h e  cyc le  e f r i c l e n c y  5y one point.  

Recuperator 

F igure  10 shows t h e  e f f e c t  of gas h e a t - t r a n s f e r  c o e f f i c i e n t  i n  t h e  
r a d i a t o r  on cyc le  e f f i c i ency  when t h e  c o l l e c t o r  and r a d i a t o r  a r eas  a r e  
fixed. With hea t - t r ans fe r  c o e f f i c i e n t s  below 5 Btu/(hr)  ( s q  f t )  ( O R ) ,  
t h e  va lue  f o r  t h e  r e fe rence  system, t h e  e f f i c i e n c y  drops quickly. A 
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c o e f f i c i e n t  of 5 should be a t t a i n a b l e  wi th  simple tubes.  
t r a n s f e r  c o e f f i c i e n t  can be ra . ised t o  about 15, perhaps by i n t e r n a l  
f i n n i n g ,  t h e  cyc le  e f f i c i e n c y  or power output  can be  r a i s e d  by about 
10 percent .  

I f . t h e  hea t -  

The average s i n k  temperature  for a c y l i n d r i c a l  r a d i a t o r  wi th  i t s  
a x i s  po in ted  a t  t h e  sun w a s  computed f o r  a 300-mile o r b i t  and i s  shown 
i n  f i g u r e  11. Although t h e  maximum s ink  temperature  c a l c u l a t e d  was 
only 36.5' R ,  a va lue  of 400' R was taken f o r  t h e  system s t u d i e s  t o  
a l low f o r  u n c e r t a i n t i e s  i n  t h e  albedo and t h e  presence of  t h e  rest of 
t h e  power system and vehicle .  
c iency  or power changes 6 t o  8 percent for a 50' R change i n  s i n k  t e m -  
p e r a t u r e  near  400' R. 

Figure 1 2  shows t h a t  t h e  cyc le  e f f i -  

NASA Brayton Cycle Technology Program 

The present  NASA program i n  Brayton cyc le  technology i s  o u t l i n e d  
i n  f i g u r e  13. Small rad ia l - f low and ax ia l - f low compressors and t u r -  
b ines  w i l l  be  t e s t e d .  
and check out  rad ia l - f low gas genera tor  components. 
next  s p r i n g  a r e sea rch  compressor and a r e sea rch  t u r b i n e  on conven- 
t i o n a l  bear ings ,  and a f e w  months l a t e r  a combined compressor-turbine 
package on gas bear ings.  Performance t e s t i n g  of  t h e s e  u n i t s  w i l l  be  
done a t  Lewis .  A similar approach i s  pla.nned f o r  t h e  ax ia l - f low gas 
genera. tor  and tu rboa l t e rna to r .  

AiResearch has a c o n t r a c t  t o  des ign ,  f a b r i c a t e ,  
They w i l l  d e l i v e r  

There are two c o n t r a c t s  t o  design t h e  l a r g e  f i x e d  geometry co l l ec -  
t o r .  E lec t ro-Opt ica l  Systems (EOS) i s  cons ider ing  an electro-formed 
n i c k e l  design,  and Thompson-Ramo-Wooldridge (TRW) , a stretch-formed 
aluminum design. The con t r ac to r s  a re  s tudying and eva lua t ing  ana ly t -  
i c a l  techniques f o r  c a l c u l a t i n g  the  stresses and t h e  response of t h e  
c o l l e c t o r  t o  t h e  environment i n  the  launch v e h i c l e ,  inc luding  v ibra-  
t o r y  and varying g-loads.  Present ly ,  t h e  s t u d i e s  i n d i c a t e  t h a t  under 
r eve r s ing  loads  t h e r e  i s  a d i f f i c u l t  stress problem where t h e  co l l ec -  
t o r  i s  jo ined  t o  t h e  support ing torus .  

EOS i s  a l s o  experimental ly  inves t iga t ing  means of improving t h e i r  
master by pol i sh ing .  TRW, i n  t h e i r  program t o  b u i l d  a 5-f t  c o l l e c t o r  
f o r  t h e  Langley Research Center ,  w i l l  i n spec t  t h e  mir ror  a f t e r  each 
s t a g e  of processing t o  determine where and how t h e  inaccurac i e s  ar ise  
dur ing  f a b r i c a t i o n .  

T R W  a l s o  has a con t r ac t  t o  study absorber-heat  s to rage  designs.  
They are a l s o  conducting compat ib i l i ty  t es t s  of l i t h i u m  f l u o r i d e  with 
t e n  s e l e c t e d  s t r u c t u r a l  materials. These samples w i l l  be  cycled from 
1500' t o  1850' F f o r  about 2500 hr. 

A r ecupe ra to r  w i l l  be designed, b u i l t ,  arid checked out  by 3 con- 
t r a c t o r ,  and i t s  performance w i l l  be t e s t e d  at, Lewis .  

Present ly ,  r a d i a t o r  designs a re  being eva lua ted  a t  Lewis with a 
consu l t an t  he lp ing  t o  eva lua te  interna.1 f inn ing ,  
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During t h i s  technology phase, system s t u d i e s  w i l l  be  conducted a t  
Lewis’ in  th’e areas of system opt imizat ion,  c o n t r o l  and s t a r t - u p  tech-  
niques,  o f f  design performance, and vehic le  i n t e g r a t i o n .  

Conclusion 

The system s t u d i e s  made t o  d a t e  i n d i c a t e  t h a t  an  8-kw Brayton cyc le  
system us ing  a r i g i d  30-ft c o l l e c t o r  would be a t  least competi t ive with 
o t h e r  s o l a r  dynamic power systems and could be convenient ly  stowed i n  
t h e  launch veh ic l e  i f  t h e  assumed component performance i s  r e a l i s t i c .  
Because of t h e  a t t r a c t i v e  f e a t u r e s  of an i n e r t  gas  Brayton cyc le  system 
and because t h e r e  appear t o  be no over r id ing  disadvantages,  NASA has 
undertaken a 2-year technology program i n  t h i s  area. A t  t h e  end of  t h e  
technology program, an eva lua t ion  of t he  system can be made wi th  con- 
s i d e r a b l e  confidence,  and i t  would be decided then  whether a system de- 
velopment i s  j u s t i f i e d .  If a system development i s  undertaken, it i s  
f e l t  t h a t  it should b e  a b l e  t o  move rap id ly  and without  much s l ippage  
because of cons iderable  p a s t  experience. It i s  hoped t h a t  t h e  turbo-  
machinery developed w i l l  f i n d  extensive app l i ca t ion ,  not on ly  as p a r t  
of t h e  8-kw s o l a r  system, bu t  a l s o  i n  systems a t  o t h e r  power l e v e l s  and 
wi th  o t h e r  energy sources.  
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TABLE I. - ADVANTAGES OF CLOSED BRAYTON 

CYCLE POWER GEXERATION SYSTEM 

(1) Inert gas working fluid 
(2) Possibility of high cycle efficiencies 
(3) Relative ease of start and restart 
(4) Simpler development problems : 

(a) Absence or zero-g boiling and condensing problems ' 
(b) Noncorrosive working fluid, 

(5) Extensive experience in component design 
(6) Inherent reliability for long term operation 
(7) Flexibility in application 

TABLE 11. - SYSTEM ASSUMPTIONS 

(1) Fixed geometry collector: 
(a) 30 ft diameter 

8 kwe net power in 300 nautical mile orbit 
12.5 kwe net power in 20,000 nautical mile orbit 

3.5 kwe net power in 300 nautical mile orbit 
5.5 kwe net power in 20,000 nautical mile orbit 

(b) 20 ft diameter 

(2) Split-turbine configuration 
(3) Gas-filled radiator 

Tp;BLE 111. DESIGN CONDITIONS AND ASSUMPTIONS 

Turbine-inlet temperature (LiF thermal storage), OR . . . . . .  1950 
Equivalent sink temperature, OR . . . . . . . . . . . . . . . .  400 
Compressor efficiency . . . . . . . . . . . . . . . . . . . . .  0.80 
Compressor drive turbine efficiency . . . . . . . . . . . . . .  0.83 
Alternator drive turbine efficiency . . . . . . . . . . . . . .  0.86 
Alternator efficiency . . . . . . . . . . . . . . . . . . . . .  0.90 
LOSS pressure ratio, rt/rc . . . . . . . . . . . . . . . . . .  0.85 
Recuperator effectiveness . . . . . . . . . . . . . . . . . . .  0.85 
Radiator surface emissivity . . . . . . . . . . . . . . . . . .  0.86 

5 
Cycle temperature ratio . . . . . . . . . . . . . . . . . . .  .0.275 
Compressor pressure ratio . . . . . . . . . . . . . . . . . . .  2 . 3  
Compressor inlet pressure, psia . . . . . . . . . . . . . . . .  6.0 
Working fluid. . . . . . . . . . . . . . . . . . . . . . . .  .Argon 

Radiator gas heat-transfer coefficient, Btu/(hr) (sq ft) (OR) . . 
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TA3LE I V .  - SOLA3 BRAYTOR CYCLE PO'dl3R SYSTEM STUW 

TURBINE INLET TEMPERATURE, - 1950' R; 

F I X E D  GEOMETRY COLLECTOR, vc-a = 0. 75 

SOLAR COLLECTOR 
POWER LEVEL 
RADIATOR 

1 ABSORBER I 
1 OTHER 

~~ 

I I 300-MILE ORBIT 1 20,000-MILE ORBIT 

30 f t  d i a m .  
8.0 k w e  

485 sq f t  
----------- 
----------- 

~ SIZE 

I 1 TOTAL 
1 S P E C I F I C  w t ,  l b / k w e  

--___------ 
----------- 

TABLE V. - SOLAR POWER SYSTEM COMPARISON 
I 

I S P E C I F I C  WT., l b / k w  (300 m i l e s )  
S P E C I F I C  WT. , l b / k w  (20,000 m i l e s )  
COLLECTOR S I Z E ,  f t 2 / k w e  (300 m i l e s )  
RADIATOR AREA, f t 2 / k w e  
MEAN RADIATOR TEMP., OR 
MIN. RADIATOR TEMP., OR 

____--- 

R a n k i n e  

--. . .~ 

WEIGHT, 
l b  

185 

425 
460 
450 

- 

--- 

1520 
2 75 

Brayton 

----------- 

5 90 
_ _  536 - 
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SCHEMATIC DIAGRAM OF SOLAR BRAYTON CYCLE SYSTEM 
ARGON WORKING FLUID 

SOLAR 

Figure 1 

SOLAR BRAYTON CYCLE POWER S Y S T E M  

y-31' DIAM.-y 
I I r 

5' 
L 

Figure 2 
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EFFECT OF FLUID 
ON HEAT EXCHANGER PERFORMANCE 
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Figure  3 

EFFECT OF PRESSURE 
ON HEAT EXCHANGER PERFORMANCE 

RELATIVE 

h 

25-  

15- 

IO - 

0 5 10 15 20 25 
PRESSURE, LB/SQ IN ABS cs-25753 

Figure 4 
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EFFECT OF COMPRESSOR INLET PRESSURE 
ON COMPRESSOR DIAMETER 

(GENERATOR OUTPUT = 9 K W )  

2.0 

- 
rCENTRlFUGAL COMPRESSOR 

- 

- 

Figure 5 

EFFECT OF CYCLE TEMPERATURE RATIO ON 
CYCLE EFFICIENCY AND PRIME RADIATOR AREA 

.3 I 

.29 

CYCLE .27 

.25 
EFFICIENCY 

.23 

.2 I 
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RADIATOR AREA,  
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CYCLE TEMP RATIO 

Figure 6 
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EFFECT OF TURBOMACHINERY EFFICIENCIES ON CYCLE EFFICIENCY 
WITH CONSTANT COLLECTOR AREA AND PRIME RADIATOR AREA 

TURBINE EFFICIENCIES 

COMP ALT 
TURB TURB 

.86 .89 

.83 .86 

.80 .83 

.77 .eo 

CS-19376  

.70 .75 .80 .85 .90 
COMPRESSOR EFFICIENCY, 

Figure 7 

EFFECT OF RECUPERATOR EFFECTIVENESS ON CYCLE 
EFFICIENCY WITH CONSTANT COLLECTOR AREA AND 

PRIME RADIATOR AREA 

CYCLE 
EFFICIENCY;25 

7)CY C LE 

.2 I c I CS-29364 

RECUPERATOR EFFECTIVENESS 

Figure a 
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EFFECT OF PRESSURE LOSS RATIO ON CYCLE EFFICIENCY 
WITH CONSTANT COLLECTOR AREA AND PRIME RADIATOR AREA 

.I9 

.27 

.25 
EFFICIENCY 

- 
cs-29371 

/ 
~ C Y C L E  

Figure 9 

EFFECT OF GAS HEAT TRANSFER COEFFICIENT ON 
CYCLE EFFICIENCY WITH CONSTANT COLLECTOR AREA 

AND PRIME RADIATOR AREA 

.29 

CYCLE 

' ~ Y C L E  

EFFICIENCY, e25 

.23 

.211 - 
CS-29363 

. I  91 1 I I I I I I I I 
0 5 IO 15 20 25 30 35 40 45 
GAS HEAT TRANSFER COEFFICIENT, BTU/ (HR)(SQ FT)(OR) 

Figure 10 
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VARIATION OF AVERAGE EQUIVALENT SINK OF A 
CYLINDRICAL RADIATOR IN A 300 MILE EARTH ORBIT 

.2 I 

.I9 

TEMP, O R  

' 

' 

340 t 

.I7 

320 t 

I I I I CS-29368 1 

ORBITAL POSITION, DEGREES FROM HIGH NOON 

Figure 11 

EFFECT OF EQUIVALENT SINK TEMPERATURE ON CYCLE 
EFFICIENCY WITH CONSTANT COLLECTOR AREA 

AND PRIME RADIATOR AREA 

EFFICIENCY 
CYCLE, *25 

 CYCLE I \ 
*23 I 

Figure 12 



SOLAR BRAYTON CYCLE TECHNOLOGY PROGRAM 

I - SMALL TURBOMACHINERY PERFORMANCE 

A - RADIAL-FLOW GAS GENERATOR - DESIGN AND FABRICATION - CONTRACT (AIRESEARCH)  
PERFORMANCE STUDY - NASA LEWIS 

B - AXIAL-FLOW GAS GENERATOR - DESIGN AND FABRICATION - CONTRACT 
PERFORMANCE STUDY - NASA LEWIS 

C - TURBO-ALTERNATOR - DESIGN AND FABRICATION - CONTRACT 
PERFORMANCE STUDY - NASA L E W I S  

I1 - LARGE F I X E D  GEOMETRY COLLECTOR 

A - ELECTROFORMED N I C K E L  - DESIGN STUDY - CONTRACT ( E O S )  

B - STRETCH-POFiMED ALUMINUM - DESIQN STUDY - CONTRACT (TRW) 

- DESIGN STUDY (TRW) I11 - ABSORBER 

IV - RECUPERATOR - DESIQN STUDY AND FABRICATION - CONTRACT 
PERFORMANCE TEST - NASA LEWIS 

V - RADIATOR 

V I  - SYSTEM S T U D I E S  

- DESIGN STUDY - NASA L E W I S  
CONTRACT 

NASA L E W I S  

CS-29361 

- SYSTEM O P T I M I Z A T I O N  
CONTROL AND START-UP 
OFF D E S I G N  PERFORMANCE 
V E H I C L E  INTEGRATION 

Figure 13 
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